The 
representation employed to convey these examples to students can be an influencing factor in their learning. In real-life design, designers encounter many examples in the form of physical objects and three-dimensional forms in their surroundings and in nature. Engineering students need to be taught how to process these types of examples for helpful idea generation for new problems. This experiment investigates any added advantage of using physical examples instead of sketched ones in an idea generation activity. Specifically, the following hypothesis is investigated in this study:
Fixation Hypothesis: After solving a design problem with the help of an example, designers tend to fixate to the features of that example while solving a new unrelated problem.
A between-subjects experiment is conducted to investigate this hypothesis. The subsequent sections outline the method followed, results obtained, and a discussion of these results.
Method
This experiment compares the fixation of novice designers from physical and sketched examples. According to the presented hypothesis, participants fixate to the features of the example even when solving a problem unrelated to the presented example. At the same time, participants with the physical example learn quickly from the disadvantages of that example and use what they have learned in solving other design problems. This can lead them to higher quality non-redundant ideas in their idea generation activity.
In this between-subjects experiment, participants were instructed to solve a design problem with the help of an example. The example was presented in either physical form or sketched form depending on the experiment condition. After this idea generation activity, they were provided with a new design problem from a distant domain and were instructed to generate ideas to solve this new problem. This was followed by another idea generation activity for a third design problem. This third design problem was also in a domain distant from that of the first design problem. The occurrence of example features in the solutions generated by the participants for the second and third problems were studied to understand their fixation to that example. The quantity of novel ideas in each case was also studied. A more detailed description of the experiment is given in the following sections.
Design Problems
All participants received a peanut sheller design problem for their first idea generation activity. They were instructed to generate ideas for a device that could shell peanuts quickly in West African conditions. The device was expected to work without electricity and shell peanuts without causing any damage to the nuts. This was a real-life design problem and was targeted to provide the challenges of a real design situation. This design problem was employed for a few prior studies [10, 26, 27] . However, none of the participants were familiar with this design problem before this experiment. All of them were expected to be familiar with the simple task of shelling peanuts in their daily life. As all the participants were mechanical engineers, they were expected to understand the constraints of this design problem. They were also provided with a list of customer needs including shelling with minimum damage to peanuts, ability to handle large volumes in minimum time, low cost and ease of manufacturing. Figure 1 shows the problem statement provided to the participants. Two more design problems were employed in this experiment in addition to the peanut sheller problem. Both the problems presented the participants with a few challenges from developing countries. One problem was titled "coconut husk defibering problem" and the second one was titled "laterite polishing problem". The coconut husk defibering problem was to design a device for separating the fibers from the husk of coconut. This defibering was to be done after the de-husking of the coconuts. This device was for use in coconut producing countries like India, Sri Lanka and Malaysia. Once the fibers were extracted, those could be sun-dried and then be used for manufacturing mats, mattresses, carpets and crafts. The participants were told that this defibering was done by beating the husks manually with wooden mallets. They were asked to generate ideas to replace this tedious task. The customer needs included low cost, ease of manufacturing and operation without electricity. Figure 2 shows the problem statement provided to the participants.
The laterite polishing problem was to design a device for polishing red laterite stones automatically. Laterite stones are used as construction materials for buildings and structures in different parts of the world. These stones are excavated from the earth and come with irregular shapes and a layer of loose soil on top of the stone. These stones require polishing to obtain regular corners and to remove the loose layer of soil. This could help to increase the strength of the construction material. The participants were told that this process was done manually, which was very laborious and time consuming. They were asked to generate ideas to replace the current manual process. The customer requirements included low cost, ease of manufacture and operation without electricity. The problem statement provided to the participants is shown in Figure 3 .
The idea generation for the peanut sheller design problem was followed by a second idea generation session. In this session, half of the participants solved the coconut defibering problem and the remaining participants solved the laterite polishing problem. This activity was followed by a third idea generation session, in which the participants received their third design problem. Those who received the coconut husk defibering problem in the second idea generation activity received the laterite polishing problem in this case and vice versa.
Design Problem -Device to Shell Peanuts Problem Description:
In places like Haiti and certain West African countries, peanuts are a significant crop. Most peanut farmers shell their peanuts by hand, an inefficient and labor-intensive process. The goal of this project is to design and build a low-cost, easy to manufacture peanut shelling machine that will increase the productivity of the African peanut farmers. The target throughput is approximately 50 kg (110 lbs) per hour.
Customer Needs:
 Must remove the shell with minimal damage to the peanuts.  Electrical outlets are not available as a power source.  A large quantity of peanuts must be quickly shelled.  Low cost.  Easy to manufacture. 
Conditions
The participants generated ideas in two different conditions: Sketched Example Condition and Physical Example Condition. In Sketched Example Conditions, the participants received a sketched example solution for the peanut sheller design problem. This example was provided to them at the beginning of the experiment along with the peanut sheller design problem. This example is shown in Figure 4 . This example consisted of a gas powered press compressing the peanuts and thereby shelling them. The peanuts were imported to the system through a hopper and guided to the press with the help of a conveyor belt/inclined surface combination. A grate was used to separate the shells from peanuts and the peanuts were collected in a bin. This example had a few obvious disadvantages. With a gas-powered press, it was hard to control the damage to the peanuts. A gas powered system for shelling peanuts was too complicated for a West African environment. These disadvantages were not explicitly stated, but the participants were expected to infer them with their mechanical engineering background.
In the Physical Example Condition, the participants were provided with the physical prototype of the same example. An image of the physical example is shown in Figure 5 . This physical model was available to the participants throughout their idea generation for the peanut sheller problem. This physical model contained all the features of the sketched example shown in Figure 4 , but was not functional. The participants were told that it would function with a gas-powered motor.
Design Problem-Coconut Husk Defibering
Coir is a byproduct from coconut produced by countries like India, Sri Lanka and Malaysia. It is used in the manufacturing of mats, mattresses, carpets, arts and crafts. Coir is made out of a fibrous material produced from the husk of coconut after the edible part is separated. The husk of the coconut is soaked in water for few days to decompose the husk's pulp. This process is called "retting" which makes the defibering easier. The current process of defibering is completely manual. The retted husks are beaten with wooden mallets manually to separate the fibers from them. These fibers are sun dried to produce coir.
Your task is to design an automatic machine for defibering the retted husks. The current manual beating process is very laborious and time consuming. The new machine should completely replace this process and should be easy to operate.
Customer Needs:
 Low cost.  Easy to manufacture.  Must not use electricity.
Participants
All the participants were senior undergraduate or graduate students in mechanical engineering from Texas A&M University. They were recruited through class announcements. Five undergraduate and two graduate students volunteered for the experiment and they were randomly distributed across the conditions. The undergraduate students were recruited from a senior capstone design course and the graduate students from a graduate level product design course. There were three participants in the Sketched Example Condition, of which two were undergraduate students. Out of four participants in the Physical Example Condition, three were undergraduate students. Three of the seven participants were females. Participants were provided extra class credit or money as compensation for their participation. 
Procedure
As the participants entered the experiment room, they were directed to their work spaces. Only one participant participated in an experiment at a time. As the experiment started, the participants were provided with the peanut sheller design problem and the example, as determined by the condition of the experiment. They were given five minutes to read and understand the problem description and the example. In Physical Example Condition, the participants were allowed to inspect the physical example. After these five minutes, participants in both the conditions were instructed to generate as many ideas as possible to solve the design problem. They were given 45 minutes for this idea generation. The example was accessible to participants in both the conditions throughout the idea generation. They were instructed to sketch their ideas and supplement those sketches with short descriptions and with labeling the parts. They generated their ideas on plain sheets of paper and were instructed to draw one idea per sheet. At the end of this idea generation activity, the participants were provided a five minute break. After the break, they started the idea generation of their second design problem. This idea generation was similar to the first one. The participants were given five minutes to read and understand the problem followed by 45 minutes of idea generation. The example provided during the first idea generation was not available to the participants at this stage. After the idea generation on the second problem, they were given a second break, which was followed by the idea generation on the third problem. In this third idea generation also, they were given five minutes for understanding the
Design Problem-Laterite Polishing
Laterite is a stone found in various parts of the world. It is formed under the soil through years of natural weathering of soil. This stone is excavated from earth and is used for construction of buildings and structures. This stone is very strong and some structures made with them survive for hundreds of years. When excavated from earth, the stones are of irregular shapes as shown below. These stones are manually polished using a sharp-edged axe to obtain regular edges so that they can be used for construction. This polishing process also helps to get rid of the loose soil covering the stone, thereby increasing the strength of the construction material.
Laterite in original form
Manual method of laterite polishing Your task is to design an automatic machine for polishing laterite stones. The current manual polishing process is very laborious and time consuming. The new machine should completely replace this process and should be easy to operate.
Customer Needs:
problem and 45 minutes to generate ideas. The example was also not available in the third idea generation. At the end of the experiment, the participants were asked if they were familiar with any of the design problems before the experiment. None of the participants replied that they were familiar with any of the design problems. 
Metrics for evaluation
This study aims to understand the fixation effects of presented examples on idea generation. To measure this, two metrics are employed in this study: Quantity of non-redundant ideas and number of repeated example features.
Quantity of non-redundant ideas is based on the procedure proposed by Shah et al. [31] . For this study, an idea is defined as an idea that solves at least one function in the functional basis [10] . A non-redundant idea is a novel idea which is different from the ideas presented by the example. The number of ideas generated by the participants without counting the ideas from the example is named as the quantity of nonredundant ideas. This number is counted by an independent reviewer for each participant. To ensure reliability, an inter-rater agreement is calculated. A Pearson correlation of 0.90 is obtained, which is high value that shows that this measure is reliable.
Number of repeated example features is used as a measure for fixation. For this metric, the number of times the features from the examples appear in a participant's solution is counted. An inter-rater agreement of 0.94 (Pearson's correlation) is obtained for this metric, showing that this metric is also reliable.
Results
The results show that participants do fixate to the features of example solution while solving the peanut sheller problem. At the same time, they do not carry this fixation to the other problems. An interesting observation is that participants who receive physical example generate more quantity of nonredundant ideas compared to those who received sketched example. More details and discussion of results follow in the subsequent sections.
Quantity of Non-Redundant Ideas
The results for this metric provide very interesting results. It is observed that the quantity of ideas is influenced by the type of representation used to present the example. Participants who receive physical examples produce more non-redundant ideas compared to those who receive sketched example. The quantity of non-redundant ideas does not vary significantly across the various problems. These results are shown in Figure 6 . A twoway ANOVA confirms that the interaction of the problem (peanut sheller, coconut defibering or laterite polisher) and the representation of the example (sketched vs. physical) is not significant. For this metric, the main effect of type of example is significant (F(19,1) = 44.07, p<0.001). This result indicates that the type of representation for presenting the example to the participants affects the quantity of novel ideas generated by them.
Number of Ideas Repeated from Example
The results for this metric show that participants fixate to the features of the example for the peanut sheller problem regardless of the way that the example is presented to them. They copy the features of the example in their solutions for that design problem to the same extent in both the Sketched Example Condition and Physical Example Condition. However, they do not carry this fixation to the other design problems. These results are shown in Figure 7 . A two-way ANOVA shows that only the main effect of the design problem is significant (F(19, 2) = 33.40, p<0.001). A priori comparisons show that the number of idea repeated from the example is significantly more in the case of peanut sheller design problem than in other two problems (p<0.001 for both comparisons). 
Discussion of Results
The results obtained provide very interesting insights about the use of examples in design problem solving. When the participants are provided with an example for the peanut sheller design problem, they are fixated to the features of that example. This result is expected. At the same time, according to the Fixation Hypothesis, they are expected to carry this fixation over to the subsequent idea generation tasks. The data obtained for the number of features repeated from the example do not support this argument. Participants break this fixation as they move on to the next idea generation task. They generate very few ideas which are copied from the features of the example solution. It is expected that presenting examples in the form of physical models fixate designers more; however, the results show that examples presented in the form of pictures and physical models have the same effect on the number of idea repeated from the example. All error bars show (±1) standard error.
The results from the quantity of non-redundant ideas show that being able to see physical examples does help participants to come up with more non-redundant ideas. The provided example contains many disadvantageous features, which can reduce the usefulness of the designs. The results show that when participants see sketched example, they tend to copy some of these features in their solutions. When presented with physical model also, participants copy the examples from that model, at the same time, they come up with more number of ideas outside the example. It can be argued that participants are able to derive more information from the physical model than from the sketched example. With the help of this additional information they derive from the model, they can understand the shortcomings of the design more, which leads them to think in other possible directions.
The second experiment described in the sections below explores this argument further. This experiment investigates the amount of fixation that occurs when examples are presented either as a sketch or as a CAD model. This study investigates the benefits of presenting these examples in more realistic forms such as CAD models.
EXPERIMENT 2:
Results from experiment one showed that students were able to produce more novel ideas from physical examples than from sketched examples. As discussed earlier this is likely do to them being able to see the design limitations better in a physical model than a sketched representation. To explore these trends further, experiment two will investigate how engineering students derive information from a design based on the type of representation that is given to them. This will differ from the previous experiment based on the type of representations given; in experiment one, physical and sketched examples were given, and in this experiment, a 3D CAD and a sketch of the design are given. This experiment's aim is to identify which type of representation better influences the students' decision about what choice of example features to use in their idea generations, i.e., which representation helps them better in developing a strategy to solve a particular function. The following hypothesis is investigated in this experiment.
Hypothesis: Engineering students fixate more on the features of a design presented as a CAD representation than on a design represented as a sketch.

Method
This experiment will compare the fixation on representations given in form of a CAD model or a sketch. Participants will be instructed to solve a design problem with the help of two different designs presented to them in the form of two different representations. Participants will be recruited from Texas A&M University; they will be presented with designs in different representations and asked to generate new ideas in a controlled experiment. The results from their idea generation will be compared to the types of representation that were given to them to determine from which type of representation they fixated more on and used in their new ideas.
Design Problem
There will be only one design problem in Experiment 2 and it will be the same as the peanut sheller design problem from Experiment 1. It will be insured that none of the recruited participants will be familiar with the design problem before the experiment. As in Experiment 1, all the participants will be mechanical engineer majors and thus, will be expected to understand the customer needs and constraints of the problem. 
Participants
All participants will be recruited from the mechanical engineering department at Texas A&M University. The criteria for recruitment will be that the students be graduate students, or senior undergraduate students who have completed or are currently enrolled in the engineering capstone design course. Participation in the experiment will be voluntary, and the participants will compensated either in the form of extra credit in their course or with a monetary payment.
Research Conditions
There will be two conditions in this experiment will be comprise of two different designs of a peanut sheller: Design A and Design B. The peanut sheller designs will both be effective designs, but will not share any similar characteristics or mechanisms for operation. In the first condition (Condition 1) the students will be presented with Design A represented as a sketch ( Figure 4 ) and Design B represented as a CAD model (Figure 8 ). In Condition 2, the representations for the designs will be swapped so as to prevent any bias on any of the two designs, i.e., Design A will be a CAD model ( Figure 9 ) and Design B will be represented as a sketch ( Figure 10 ). There will be different participants for both conditions for a betweensubjects experiment.
Procedure
The experiment will be an hour long controlled experiment. As the participants enter the experiment room, they will be directed to their personal workspace which will consist of a desk and chair. More than one participant will be allowed to complete the experiment at the same time, but their workspaces will be partitioned, they will not be allowed to see or interact with each other, and they will be required to perform the experiment independently. The design problem (peanut shelling problem) will be presented to the participants in the form of the statement in Figure 1 and the design representations will be given to them based on the condition that the participants are in. The participants will be given five minutes to read and understand the problem statement and example. The participants will then be allowed 45 minutes to generate as many ideas for a peanut shelling device as they can. They will be instructed to sketch their ideas and also add notes to describe their designs. They will be instructed to generate each of their ideas on separate sheets of paper. At the end of the idea generation task, the student will be given 10 minutes to identify which of the two representations they found to be more beneficial or information, and why. They will write down their response. This question will be asked at the end of the experiment and not the beginning to prevent students from becoming biased or fixated to one particular design before the idea generation task.
Anticipated Results
It is expected that the ideas generated by the participants will draw more similarities from either of the CAD representations than from the sketched representation. Data collected from this experiment should show that the participants fixate more the design features from a CAD representation. It is also possible that results will show that fixation is greater for sketched representations than from CAD representations; this will be shown by more the ideas generated sharing more components and mechanisms with the sketched representation provided. If this occurs, it will provide very interesting insight to the way that students perceive and fixate to different representations of designs.
GENERAL DISCUSSION
Results from experiment 1 provide very useful insights about the use of examples in engineering curricula. Though the examples may fixate students in the particular domain of that example, they do not carry over that fixation to other domains; this is a very promising result. At the same time, when students are provided with examples in the form of physical model, they tend to derive more information from that, compared to the group who received only a sketched example. This highlights the importance of using more physical objects and systems as examples in engineering classrooms. Examples help students in learning new concepts through analogical reasoning, and physical examples can make this process more efficient. Experiment 2 will further investigate how students fixate with regard to representation; the representations compared will be in the form of sketched designs and CAD designs. The results gathered from this experiment will provide more insight into how engineering design educators and professionals should present new information to students or colleagues.
Results from this research can contribute to enhancements in the field of engineering education; if findings show that there is a preferred type of representation from which students derive more information about a design or a product, professors or instructors can use these types of representations in their lectures and examples to students to increase their understanding of design concepts. Engineers in the real world make use of 3D representations and physical objects when they design, teaching students how to process these different types of representations can provide engineering students with essential skills that they will need in industry, this will help them to have a smoother transition as they move from academia into industry.
The way that professional engineers present new ideas and products to various teams in industry is very important. Engineers need to convey to multidisciplinary teams, some of which may know little about engineering, their ideas; it has been observed that this is currently being done mostly with hand sketches [32, 33] . 3D CAD representations can improve the understanding of other team members about the design specifications.
SUMMARY
Examples play an important role in engineering innovation. Engineers borrow many of their ideas from examples through analogical reasoning. To be innovative engineers, students must be taught to effectively overcome design fixation, and we need to know what the impact of various representations are on design fixation. This paper outlines two studies conducted to understand the effects of representations on design fixation. The first experiment is a controlled between-subjects experiment that investigates the fixating effects of physical models. The results show that though students fixate to the examples during idea generation, when the example and design problem are in the same domain, the fixation is broken when they move to a design problem in another domain. At the same time, providing examples appears to help students identify the shortcomings of the design better. Based on these results, a second experiment will investigate the impact of CAD models compared to sketches and their influence on design fixation.
